An important requirement in the design of an inlet duct of a turboprop engine is the ability to provide foreign object damage protection. A possible method for providing this protection is to include a bypass branch duct as an integral part of the main inlet duct. This arrangement would divert ingested debris away from the engine through the bypass. However, such an arrangement could raise the possibility of separated flow in the inlet, which in turn can increase pressure losses if not properly accounted for during the design.
INTRODUCTION
shows a typical turboshaft and turboprop aircraft engine installation. Such an installation requires superior inlet duct designs to provide performance and durability commensurate with modern aircraft requirements. These needs include FOD (foreign-objectdamage) protection and low inlet pressure loss.
FOD protection and low-pressure loss impose conflicting design constraints that must be carefully reconciled or balanced. Inlet ducts Typical turboprop installation with bypass-protected inlet duct.
that include an integral bypass provide FOD protection by diverting ingested objects such as birds, stones, and other debris from the engine thus reducing maintenance actions. However, the potential for separated flow and recirculation can increase pressure losses if not properly compensated for in the design.
The development of inlet ducts has typically depended on twodimensional (2-D) analysis followed by extensive model evaluation in a component test facility to reach a reasonable duct design, which is expensive in terms of both time and dollars. To alleviate this problem, a viscous three-dimensional (3-D) fully elliptic body-fitted CFD code based on pressure correction techniques [1] has been developed. This code for a single grid was developed earlier and has been the subject of several papers [2, 3] . To this code was added the capability of performing multiple block grid calculations of the kind required in branched inlet ducts. A multiple overlapping domain decomposition technique [4] was employed whereby the main duct constitutes one domain and the branch duct forms the second domain. Grids were generated in each domain with a set of computational cells that over-lap. Numerical calculations were performed in each domain with information being passed from one domain to the other through the overlap region. This methodology will be described in more detail in the next section.
The purpose of this paper is to describe the analysis of a typical turboprop branched inlet duct that was performed using the code. Experimental data for this duct was obtained in a test facility. To validate the CFD code, numerical solutions were obtained under identical inlet conditions. The agreement was found to be quite good, and it demonstrated the fact that the flow field in such complex inlet ducts can be computed efficiently.
A program was written that calculates the 3-D trajectories of partich,., (debris) that enter the main duct. A Lagrangian approach was used whereby a set of ordinary differential equations for a particle was solved numerically in the presence of the calculated fluid velocity field and with an assumed drag coefficient correlation for the particle [5] . The incoming debris was assumed to be spherical in shape and having different diameters.
METHODOLOGY

Domain Decomposition
The idea of domain decomposition will be illustrated in a 2-D situation with reference to 
Governing Equations
The governing equations are those representing the conservation of mass and momentum in the three coordinate directions. Turbulence is modeled using the standard k-E model [6] along with the wall function treatment for near-wall regions. The flow is considered to be isothermal with the total temperature assumed to be constant. The density of the air that is updated in the calculations is computed as a function of the pressure and temperature using the ideal gas law. The flow is entirely subsonic in the duct. The fully elliptic form of the 3-D conservation equations may be written in general for the dependent variable 0 in Cartesian coordinates as
where r is the effective diffusion coefficient and R is the source term. When new independent variables e,q, and -y are introduced, Eq. (1) changes according to the general transformation C = rt = +i(x,y,z), -= ry(x,y,z). The result of this coordinate transformation is to transform the arbitrarily shaped physical domain into a rectangular parallelopiped.
Eq. (2) can be rewritten in (e7) coordinates as follows: where U, V, and W are the contravariant velocity components, the q's are the various metric terms arising from the coordinate transformation, and S(£, q,,I) is the source term of the governing equation in (, r7,-y) coordinates. The formulas for these quantities are given in [7] .
A staggered grid system as described in [1] is used for the calculation. The scalar variables (p,p,k,e, etc.) are located at the center of the control volumes, while the velocity components are located on the control volume faces. Finite difference approximations to the conservation laws are obtained by taking the integral of Eq. (2) over the control volume and discretizing it, as done in Cartesian coordinates. These equations are solved by a SIMPLE-like algorithm [1] extended to the curvilinear coordinate system. The detailed implementation of the numerical algorithm is given in [2] and [3] .
Particle Trajectory Analysis
Many computational formulations for the trajectory of particles in _0 a flow field use the Eulerian conservation equations to represent the fluid motion and the Lagrangian equations to represent the motion of the particles once the flow field is computed. The commonly adopted equation of motion of a spherical particle is given by the following equation, where the dynamic mechanism of the motion is based on the concept of relaxation time [5] . The particle Reynolds number is defined as
PC
The position vector of the particle is given by
Integration of Eq. (3) gives the velocity of the particle and a further integration of Eq. (6) gives the position of the particle. The integrations are performed numerically using a Runge-Kutta scheme. An important quantity here is the drag coefficient CD . There are several expressions available in the literature, each of which has an experimental basis. In this study, CD is taken from Wallis [8] :
Grid Generation
Generation of a suitable body-fitted grid for the branched inlet duct is very challenging. The problem is complicated by the following factors: (1) The cross section of the main duct changes shape significantly from the inlet to the exit (engine face), (2) the branch duct that comes off the main duct must be properly meshed, and (3) there is a torque shaft present near the end of the main duct that starts at the engine face and leaves through the lower surface inside the duct (Fig. 1) .
A generalized grid generation program was developed for the purpose of creating 3-D grids for such branched ducts having obstacles embedded within the domain. The approach adopted was to generate a series of 2-D grids, one for each cross section, and then stack all these grids together to form the 3-D grid. Each cross section is bounded by a closed curve on which four fictitious corner points were specified, thus identifying a top, bottom, left, and right boundary on the curve. This "fictitious corner point approach" [9] maps the physical domain into a simply connected rectangular domain in the transformed space in which the governing equations are solved. A 2-D body-fitted mesh was then generated for each cross section using an elliptic equation technique [10] . The code has the capability of meshThe grid for the branch is next generated by specifying th -grid point locations on the surface of the main duct where the --h originates. The procedure for generating the 3-D branch duct gr J by specifying a series of 2-D cross sections is the same as that used for the main duct, but with one difference. The coordinates for the first two planes are extracted from the main duct, i.e., the first plane comes from one row of cells inside a portion of the ton surface of th.; main duct, and the second plane comes from the top surface itself. This is in keeping with the multiple block grid calculation method outlined earlier. Figure 3 shows the completed 3-D grid. The branch may be seen coming off the top of the main duct, and a portion of the torque shaft coming off the bottom surface of the main duct is visible. This torque shaft goes all the way to the engine face where it comes out along the center. This procedure is an extension of the procedure reported in [11] for a single duct with no internal objects. Fig. 3 .
Grid model of the inlet duct with the branch and torque shaft.
Generation of the grid in cross sections containing the torque shaft was performed using two approaches. In the first approach, henceforth referred to as Method 1, the torque shaft is treated as an obstacle in the cross section and the grid is meshed around it. Figure 4a shows the grids in a typical cross section. This is the most obvious grid one would generate for this application. The "corner point" locations are ABCD and are maintained to be in the same location in each cross section. A projected view of the grid in the vertical midplane is shown in Fig. 4b . The grid is fairly orthogonal in each cross section. As seen in Fig. 4b , within the computational domain, the torque shaft starts from the lower boundary and leaves the exit boundary along the center. It is treated by using a stair-stepping procedure in the transformed space. The grid, together with the shaft, is then mapped back into the physical space. The surface of the shaft in reality is stepped, but the grid is so fine that the stepping is gradual and is not visible in Fig. 4b . This grid had 56 x 31 x 31 points in the main duct and 23 x 29 x 31 points in the branch duct, for a total of 74,493 points. This grid conforms better to the shape of the torque shaft and has points more closely packed near the walls, which gave a better solution as will be seen later. It also does not have any wasted cells in the shaft (unlike Method 1); however, it is significantly more nonorthogonal. This grid has 31 x 21 x 21 points in the main duct and 9 x 18 x 21 points in the branch, for a total of 17,073 points.
Fig. 4a.
Grid in a typical cross section through the torque shaft (Method 1).
Fig. 4b. Projected view of the grid in a vertical midplane (Method 1).
In the second approach, which will be referred to as Method 2, the torque shaft is not treated as an obstacle but rather as a part of the lower boundary as shown in Fig. 5 . The corner point locations are shown as ABCD. In this method, the corner point locations are successively moved with care from the earlier cross sections and through the torque shaft in such a way as to properly accommodate the shaft. Numerical Solutions Numerical solutions were obtained using grids created both by Method 1 and Method 2 and will now be presented. To debug the code, solutions were initially obtained on a coarse grid. Subsequently, all of the fine grid solutions (on the grids described in the previous section) were obtained on a Cray Y-MP. The number of grid points used in Method 1 was close to the highest that was affordable within the limits of the computing resources. A converged solution with the grid of Method I required 2.5 hours of Cray time. With the grid of Method 2, the time required was about 50 min. With the Method 2 grid, the code was run for 95 overall cycles. In each cycle, 20 iterations were performed in the main duct and 10 iterations in the branch duct. The total pressure recovery factor was calculated for the main duct at the end of each cycle. Calculations were stopped when the change in this parameter was 0.040% per cycle. The residues in the continuity equation were also observed to have decreased by about three orders of magnitude at this stage.
The Mach number of the air entering at the inlet was 0.22 and was not found to change much until the torque shaft was reached. The flow was found to accelerate significantly around the torque shaft to a peak Mach number of 0.54 at the duct exit. The majority of the pressure drop was found to occur in the region around the shaft. Experimental test data was also obtained under the same conditions. These measurements indicated that 14.3% of the incoming flow escaped through the branch while the rest passed into the engine face. This data was used as the outlet boundary condition for both branches in the numerical calculations. Initially, solutions were obtained using Method 1. However, the total pressure recovery factor obtained with this grid was found to be below the measurements. This is the motivation for attempting to create a mesh using Method 2. Recognizing the fact that the wall boundary layer near the exit of the duct is very thin, it was felt that the grid needed to be greatly refined near the walls to enable a better prediction of the recovery. The grid generated using Method 2 has points clustered close to all walls and conforms better to the shape of the torque shaft. Wall functions were used near the wall in the turbulence model, which obviates the need for having extremely fine grids adjacent to the wall. With this grid, the computed pressure recovery factor greatly improved. However, to prevent the solution from diverging with this mesh, the under-relaxation factors for all the equations had to be decreased because of the nonorthogonality of this mesh and the fact that a large number of cells around the shaft are significantly skewed. As a result, this solution required far more iterations to converge, which is consistent with the findings reported in [3] where it was observed that mesh skewness is crucial in determining the convergence rate. Thus, in order to obtain a more accurate prediction of the pressure field and the wall shear stresses, a second type of grid had to be regenerated even though the solution with this grid was found to converge with difficulty. Figure 6 shows the pressure distribution in a vertical midplane through the duct obtained using Method 1. The continuity of contours across the interface indicates that a coupled solution has been obtained. From the contour lines, it is evident that the pressure is fairly uniform within most of the main duct and the branch, but it falls rapidly in the last part of the main duct around the torque shaft where the flow accelerates. Figure 7 shows the projected velocity vectors in a vertical plane close to the front wall. The flow may be seen to practically conform to the shape of the main duct and it accelerates near the torque shaft. There is a marked zone of separation in the upper part of the branch duct. This part of the duct has been magnified in order to see the velocity vectors more closely. Similar velocity vector plots in other planes in the depth direction indicated that the flow also separates near the lower wall of the main duct close to the exit. Figure 8 shows the pressure contours in a vertical midplane obtained using the grid from Method 2. Again, the continuous pressure distribution across the interface shows that a coupled converged solution has been obtained. These contours also indicate that the pressure falls rapidly near the exit of the duct. 
Contours of nondimensional pressure (p/p ; ) in the vertical midplane (Method 2).
It is important for designers to know the distribution of streamwise velocity at the engine face. A more uniform velocity distribution ensures a more uniform flow through the engine. It is of interest to determine whether the branch which draws some of the incoming air has any effect on the velocity field at the exit. Figure 9 shows the contours of axial velocity at the engine face. The velocity distribution is more uniform with a very thin boundary layer in the upper half. The boundary layer is thicker, and the velocity field is lower below the torque shaft. 14.0
Comparison with Experiments
The experimental tests were conducted on a full-scale fiberglass model of the geometry. This work was performed by personnel at GE Aircraft Engines in a suction facility with ambient inlet conditions. Airflow was measured by orifices in the facility piping. Measurements also included engine inlet pressure recovery, engine inlet distortion, and bypass flow pressure recovery. Both the main and bypass duct walls were instrumented with static pressure taps. Small plexiglass windows were built into the model in the regions of the engine inlet and bypass juncture for flow visualization tests. An oil-chalk mixture was used as the medium for observing the possibility of separation. Figure 10 shows the experimentally observed zones of flow separation, which must be compared with Fig. 7 on which the numerically observed zone is marked. The agreement may be observed to be qualitatively good. The flow separates in the top of the branch just pass the interface region and reattaches further downstream. Although not seen in Fig. 7 , in other sectional views just behind the shaft, the flow was also observed to separate in the lower part of the main duct near the exit. Lower wall static pressure distribution.
The purpose of having a bypass duct is to divert debris that enters the inlet away from the engine. But, at the same time, it is important to ensure that there is little or no compromise on duct performance. Table 1 shows the values of the total pressure recovery factor (ratio of mass averaged total pressure at the duct exit to that at the inlet) as measured and those obtained from the numerical solutions. The recovery calculated using Method 2 is seen to be better than that obtained using Method 1 despite the fact that the grid used in Method 2 had less than a quarter of the total number of grid points. As mentioned earlier, Method 2 uses a more efficient grid and is finer near the walls than Method 1, which results in a better prediction of the recovery. It is interesting to observe that in spite of the presence of the shaft in the duct and its odd shape, the duct is extremely efficient in terms of recovery performance and is a fact that has been predicted by the numerical computations.
The size of the debris and its entry location at the inlet determine whether or not they will make their way into the engine itself. Figure 12 shows the trajectories of particles of seven different sizes entering approximately at the center of the inlet. The particles are assumed to be spherical in shape in this analysis. For the purpose of this trajectory analysis, the debris was considered to be a bird and therefore having the same density as that of water. The gaseous phase is, of course, air. The full three-dimensional trajectories of the particles are actually obtained. However, Fig. 12 shows a 2-D projection of these trajectories. In this case, particles of size smaller than 30,um essentially follow the fluid streamline and pass through the engine face. However, particles that are larger have trajectories that remain almost unaffected by the flow field and enter the branch duct. Most debris such as birds and stones are likely to fall in the latter category.
Particle sizes (µm) Trajectories of particles of different sizes that start at the center of the inlet (2-D projection).
CONCLUSIONS
It has been demonstrated that the flow field in complex nonaxisymmetric branched turboprop inlet ducts of the type analyzed in this paper can be calculated successfully using the multiple block grid viscous flow analysis code developed. A body-fitted grid for this complex geometry was generated and a coupled block grid solution of the flow was obtained. The predicted flow solutions compared very well to the test data. The total pressure recovery factor, which is a quantity of interest to designers of such ducts, has been calculated to agree well with the measurements within the limits of the grid resolution. It was shown that with a refined grid, the calculated value was in closer agreement with the measurement. The computed flow field indicated areas of flow separation that agreed with the observations. The code provided the distribution of the flow at the engine face, something that is of great value to designers. The trajectory analysis provided information concerning the path of various debris entering the duct.
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